Bai_ :c K a ;Mn 2 As2: An Antiferromagnetic Local-Moment Metal 
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The compound BaMn2As2 with the tetragonal ThCr2Si2 structure is a local-moment antiferromag- 
netic insulator with a Neel temperature Tn = 625 K and a large ordered moment /i = 3.9 /iB/Mn. 
We demonstrate that this compound can be driven metallic by partial substitution of Ba by K, while 
retaining the same crystal and antiferromagnetic structures together with nearly the same high Tn 
and large fi. Bai_ :E K :E Mn2As2 is thus the first metallic ThCr2Si2-type M As-based system containing 
local 3d transition metal M magnetic moments, with consequences for the ongoing debate about the 
local moment versus itinerant pictures of the FeAs-based superconductors and parent compounds. 
The Bai_a;Ka;Mn2As2 class of compounds also forms a bridge between the layered iron pnictides 
and cuprates and may be useful to test theories of high T c superconductivity. 



Superconducting transition temperatures T c > 50 K 
have been observed for only two classes of materials — 
layered cuprates and iron arsenides [1, 2]. Both classes 
contain stacked square lattice layers of the transition 
metal atoms. However, the parent compounds of the 
two families exhibit divergent physical properties. For 
example, La2Cu04 is a local magnetic moment antifer- 
romagnetic (AF) insulator [1] while BaFe2As2 is metal- 
lic and its AF ordering is widely considered to be best 
characterized as a spin-density wave arising from conduc- 
tion carriers [2]. These differences create barriers for a 
general and comprehensive understanding of the under- 
lying mechanisms of high-T c superconductivity and re- 
lated phenomena in a broad spectrum of materials. Thus, 
it is desirable to create a material that can bridge the 
gap between the cuprates and iron arsenides. Herein we 
report the synthesis and properties of such a material, 
Bai_ a; K a ;Mn2As2 (x = 0.016,0.05), which shares proper- 
ties with both classes. 

The undoped parent compound BaMn2As2 crystallizes 
in the same body-centered-tetragonal (bet) ThCr2Si2- 
type structure as the MFe2As2 (M = Ca, Sr, Ba) iron 
arsenide parent compounds do at room temperature [2- 
4]. It is a semiconductor with an activation energy of 
~ 30 meV determined from electrical resistivity p(T) 
measurements [4, 5] , consistent with electronic structure 
calculations that indicate a band gap of ~ 100-150 meV 
[5]. Heat capacity C p measurements at low-T yield an 
electronic linear heat capacity coefficient 7 = which is 
consistent with an insulating ground state [4] . BaMn2 AS2 
orders into a G-type (Neel- or checkerboard-type) AF 
structure below a Neel temperature Tn = 625(1) K with 
an ordered moment at 10 K of [i — 3.88(4) /is/Mn 
aligned along the crystallographic c axis [2, 4, 6]. Since 
BaMii2As2 is an insulator at low temperatures, these 
results demonstrate that the antiferromagnetism arises 
from ordering of local Mn magnetic moments instead of 
from itinerant current carriers. Both the static and dy- 
namic magnetic properties for T = 4-1000 K are well- 



described by the AF J\-Ji-J c local moment Heisenberg 
model, with a Mn spin S — 5/2 as expected from the 3d 5 
electronic configuration of Mn +2 [7] . 

We previously reported that many transition metals 
do not substitute for Mn in BaMn2As2 crystals at levels 
above 0.5% [8]. Exceptions are Cr or Fe that substi- 
tute at levels of 4.4% and < 10%, respectively. How- 
ever, these two doped compounds show electronic trans- 
port and magnetic behaviors very similar to those of 
the undoped AF insulator BaMii2As2 [8]. We now re- 
port the successful doping of K for Ba to form the new 
system Bai_ a K s Mn2As2. Our p(T), C P (T) and angle- 
resolved photoemission spectroscopy (ARPES) measure- 
ments demonstrate that the ground states of a single 
crystalline sample with x = 0.016 and a polycrystallinc 
sample with x = 0.05 are metallic. Spin-polarized 
electronic structure calculations confirm that undoped 
BaMn2As2 is a band insulator (semiconductor) whereas 
a hole band crosses the Fermi energy E-p centered at the 
r point for x = 0.016 and 0.05. On the other hand, our 
magnetic susceptibility \ and neutron diffraction (ND) 
measurements for x = 0.016 and 0.05 show the same local 
moment AF ordering behavior as in undoped BaMn2As2. 
The ND measurements for x — 0.05 exhibit a small reduc- 
tion of T N to 607(2) K from 625 K for x = and a slight 
increase in (j, to 4.21(6) /i B /Mn from 3.88(4) /i B /Mn. The 
fact that Tn and \x of the K-doped sample are nearly iden- 
tical to those of the undoped AF insulator BaMn2As2 
demonstrates that the magnetic ordering in the K-doped 
sample also arises from local moments. Our results thus 
establish Bai_ K K :E Mn2As2 in our doping range as a hole- 
doped AF local-moment metal. This new system and ob- 
vious extensions open many interesting avenues for inves- 
tigating both theoretically and experimentally the inter- 
actions of itinerant carriers with local moments in MnAs- 
based compounds with the ThCr2Si2 structure. Of par- 
ticular interest is the potential for high-T c superconduc- 
tivity [2, 4, 6]. 

Polycrystalline samples with nominal compositions 
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KM112AS2, BaMn.2As2 and Bao.95Ko.o5Mn2As2 were syn- 
thesized by solid state reaction [8], except that the 
KMn 2 As 2 and Ba .95Ko.o5Mn 2 As2 were sealed inside Ta 
tubes instead of placed in alumina crucibles. The poly- 
crystalline samples were used for crystal growths using 
Sn as solvent [8] . The chemical compositions of the crys- 
tals were determined by energy dispersive x-ray analy- 
sis, which yielded x = 0.016(6) for the K-doped crystals 
utilized here. No Sn from the flux was detected in the 
crystals. The electronic transport, thermal and magnetic 
properties were measured using Quantum Design, Inc., 
measurement systems. The ARPES data for crystals 
with x = and 0.016 were acquired using a laboratory- 
based system consisting of a Scienta SES2002 electron 
analyzer, GammaData UV lamp and custom-designed re- 
focusing optics. ND measurements on a polycrystalline 
sample with x = 0.05 were performed on the powder 
diffractometer at the University of Missouri Research Re- 
actor using neutrons of wavelength A = 1.479 A. Analysis 
of the ND data was performed by the Rietveld method 
using FULLPRDF [9]. The spin-polarized electronic struc- 
tures for x = 0, 0.016 and 0.05 were calculated using a 
full-potential linear augmented plane wave method [10] 
with a local density approximation functional [11]. The 
experimental structural data at 10 K were taken from 
Ref. [6] . To determine the influence of K-doping, we em- 
ployed the virtual crystal approximation. 

Electron correlation effects seem to be important in the 
metallic K-doped crystals as evidenced from our p(T) and 
C P (T) data. Figure 1(a) shows p(T) in the ab plane for 
a crystal with x = 0.016 and p(T) for a polycrystalline 
sample with x = 0.05. The p{T) data for both sam- 
ples suggest metallic ground states. However, the mag- 
nitudes of p k, 5.8 and 2.2 mficm at 2 K for x = 0.016 
and 0.05, respectively, are rather large compared to most 
metallic conductors. The large magnitudes of p are ev- 
idently due to the low hole concentrations arising from 
the low K doping levels. The p(T) data in Fig. 1(a) 
indicate that p decreases with increasing hole concentra- 
tion x as one would expect. We fitted the p{T) data for 
both samples by the expression p(T) = po + AT 2 . While 
the data for x — 0.05 are well-described over the en- 
tire T range of the measurement, the data for x = 0.016 
deviate from the Independence below 135 K and are 
therefore fitted above this T. The fitted values of A are 
A = 2.232(4) x 10~ 4 and 1.6807(6) x 10~ 4 mOcm/K 2 
for x = 0.016 and 0.05, respectively. The T 2 behavior 
suggests that hole-hole scattering may be mainly respon- 
sible for the T dependence of p [12]. The low-T in-plane 
p(T) behaviors of three crystals from the same batch with 
x ~ 0.016 arc shown in the inset in Fig. 1(a), which re- 
producibly show a leveling off or a small increase in p 
below 70 K, followed by a decrease below ss 15 K. 
The origins of these two low-T behaviors require further 
investigation. 

The C P (T) data for the two samples in Fig. 1(a) 
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FIG. 1: (Color online) (a) Electrical resistivity p versus tem- 
perature T in the ab plane of a crystal with x = 0.016 and 
p(T) for a polycrystalline sample with x = 0.05. Fits by the 
expression p = po + AT 2 are shown by the black dashed and 
solid curves, respectively. Inset: Expanded plots of p(T) at 
low T for three crystals from the same batch, (b) Heat ca- 
pacity C p versus T of the two samples in (a). Inset: C p /T 
versus T 2 at T < 5 K. 



are shown in Fig. 1(b). The values of C p at T = 
275 K are slightly larger than the classical Dulong-Petit 
lattice heat capacity value at constant volume Cy = 
15i? w 124.7 J/mol K. The low-T data in the inset 
in Fig. 1(b) were fitted by C p /T = 7 + /3T 2 , yielding 
7 = 1.8(2) and 8.4(4) mJ/mol K 2 and /3 = 0.52(3) and 
0.43(4) mJ/mol K 4 for x = 0.016 and 0.05, respectively. 
Consistent with the p(T) data, the nonzero values of 7 
indicate that the K-doped samples are metallic. The 
densities of states at E-p estimated from the 7 values 
[13] are 0.76 and 3.6 states/(eVf.u.) for both spin di- 
rections for x — 0.016 and 0.05, respectively, where f.u. 
means formula unit. The Debye temperatures obtained 
from the (3 values [13] are 9 D = 265(5) and 283(9) K 
for x — 0.016 and 0.05, respectively. The Kadowaki- 
Woods (KW)0 ratios R K w = A/j 2 [14] are R KW = 69 
and 2.4 mfi cm mol 2 J _2 K 2 for x = 0.016 and 0.05, respec- 
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FIG. 2: (Color online) ARPES intensity map at 150 meV 
below E F (a) and EDCs (b) for BaMn 2 As 2 at 200 K. Also 
shown are the intensity map at Ep (c) and EDCs (d) for 
Bao.984Ko.oi6Mn2As2 at 40 K. Each map in (a) and (c) is 
obtained by integrating over an energy window of ±10 meV. 
The paths of the EDCs in (b) and (d) are shown as vertical 
black lines through the V points in (a) and (c), respectively. 
The outline of the first Brillouin zone in (a) and (c) is shown 
by a white square. 



tively. These values are 2-4 orders of magnitude larger 
than the value Rkw ~ 0.010 mf2cmmol 2 J -2 K 2 observed 
for a number of heavy fermion compounds [14], but are 
much closer to the trend for the recently revised KW re- 
lation [15]. In either case, our combined p{T) and C P (T) 
data at low T suggest the presence of strong electron 
correlation effects in the Bai_ 2; K 2: Mn2As2 system. 

For the ARPES measurements, the chemical poten- 
tial Ep was determined from measurements on a Au ref- 
erence sample. Since the parent compound is a band 
semiconductor [4, 5], there are no electronic states near 
E-p. Thus, to visualize the location of the top of the 
valence band at the T point (k x ,k y ) = (0,0), we plot 
in Figs. 2(a) and 2(b) the ARPES intensity map, at an 
energy 150 meV below Ep, and the energy distribution 
curves (EDCs), respectively, at 200 K for x = 0. Fig- 
ure 2(c) shows the intensity plot for x — 0.016 at Ep and 
the EDCs are shown in Fig. 2(d) at 40 K, which demon- 
strate the presence of a finite-size Fermi surface at the F- 
point. This observation is consistent with the above mea- 
surements indicating metallic character for this doped 
composition. The energy dispersions of the bands at 
the r point for both samples in Figs. 2(b) and 2(d) 
show that the dispersions are hole-like for both x — 
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FIG. 3: (Color online) Band structures of Bai_ I K 2 ,Mn2As2 
with x = 0, 0.016, and 0.05 along high-symmetry directions of 
the Brillouin zone. The Fermi energies are indicated by hor- 
izontal lines for the hole concentrations labeled on the right- 
hand ordinate. The labeling of the high-symmetry points is 
from Fig. 14 of Ref. [2]. 



and 0.016, which is the same type of dispersion as for the 
hole band(s) at T in BaFe2As2 [16]. The Fermi surface 
in Fig. 2(c) is shown in two high-symmetry directions, 
i.e. (0,0)-(7r,0) and (0,0)-(7r,7r). Since the bottom of the 
electron band at the X point at (7r,7r) is above Ep (see 
Fig. 3 below), we do not expect to observe intensity from 
a bulk electron pocket at this position. We return to this 
point below. 

Bulk spin-polarized band structure calculations for the 
G-type AF structure are shown in Fig. 3 for x — 0, 0.016 
and 0.05. The band gap for x = is 54.8 meV. The 
bands do not change significantly with increasing x, but 
Ep decreases with increasing x as shown in Fig. 3, corre- 
sponding to rigid-band behavior. The hole pocket Fermi 
surface at the T point has a rounded square shape in 
the ab plane whose maximal dimension increases with 
increasing x as expected. The Fermi surface is closed 
and flattened along the c axis (not shown), in contrast to 
the corrugated cylindrical hole Fermi surfaces at T in the 
iron arsenides [2]. The calculations also show that the 
bulk electron bands at the X point in Bai_ :r K, E Fe2As2 at 
Ep [16] are not present in Bai_ :E K. r Mn2As2. This is ex- 
pected since Bai_ a; K a ;Fe2As2 is a semimetal [2] whereas 
Bai_a;K a Mn2As2 is a hole-doped band semiconductor. 
We have also carried out electronic structure calculations 
for the (001) surface states and have observed such states 
at (ir, 0) and at X = (n, ir) at Ep for hole-doped compo- 
sitions, consistent with the above ARPES measurements 
at these positions in k space [Fig. 2(c)]. Such surface 
states may also be present in the FeAs-based materials 
at the X-point but would be masked by the presence of 
the bulk electron pockets at the same position in k space. 

The calculated values of the Fermi wave vector kp 
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FIG. 4: (Color online) Magnetic susceptibility \ = M/H ver- 
sus temperature T of a crystal of Bao.984Ko.oi6Mn2As2 and 
of polycrystalline Bao.9sKo.o5Mn2 As2, where M is the sam- 
ple magnetization and H is the applied magnetic field. For 
the crystal H was either parallel to the c-axis (xc) or in the 
ab plane (Xab)- The solid symbols at low T are the intrinsic 
high-field slopes of M(H) isotherms indicating the influence of 
saturable paramagnetic impurities. Data for single-crystalline 
BaMn2As2 [4] are shown for comparison. 



from the band structure calculations are 1.89 x 10 9 and 
2.61 x 10 9 m _1 for x = 0.016 and 0.05, respectively. 
These values match quite well the values calculated from 
the doping concentrations n using the one-band result 
kp = (37T 2 ?!) 1 / 3 , where we get kp — 1.59 x 10 9 and 
2.33 x 10 9 m _1 for the two compositions, respectively. 
The value of k-p estimated from the ARPES measure- 
ments for the single crystal with x = 0.016 (Fig. 2) is 
0.l7r/a— 0.27r/a or, equivalently, kp 0.8 — 1.5x 10 9 m _1 , 
which agrees with the above-calculated value for this x. 
The calculated bare band structure densities of states 
N at Ep are 0.315 and 0.819 states/ (eVf.u.) for both 
spin directions for x = 0.016 and 0.05, respectively. 
These values are significantly smaller than estimated 
above from the specific heat 7 values, suggesting the 
presence of many-body enhancement effects. The orbital- 
decomposed N(Ep) consists of 66% Mn 3d and 28% As 
4p for x = 0.016 and 60% Mn 3d and 30% As 4p for 
x = 0.05. These data suggest that the electronic conduc- 
tion is mainly due to itinerant As 4p holes, because the 
effective mass of these holes is expected to be much less 
than the effective mass of holes with Mn 3d character. 

The anisotropic magnetic susceptibilities \ab and Xc 
versus T of a single crystal with x — 0.016 and the % of a 
polycrystalline sample with x = 0.05 are shown in Fig. 4. 
Data for an undoped BaMn2As2 single crystal are shown 
for comparison [4]. The Xc{T) for x = 0.016 is qualita- 
tively similar to that of BaMn2As2. On the other hand, 
in contrast to the XabiT) of BaMn2As2 which remains 
nearly T independent below 300 K, Xab(T) for x = 0.016 
increases with decreasing T down to the lowest measure- 
ment T. These observations indicate that although the 
underlying AF structure has not changed and most prob- 
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FIG. 5: (Color online) Integrated intensity of the (1 1) 
magnetic Bragg peak measured for Bai_ a; K a ;Mn2As2 (x = 
0.05). The solid line is a guide to the eye. Note that there 
is a low intensity nuclear Bragg peak at (1 1) present at all 
temperatures. Inset: Expanded plot near Tn = 607(2) K. 



ably is still a G-type or closely related structure, there 
are significant perturbations caused by K-doping. The 
dependence of the anisotropy versus T and its similarity 
to that of undoped BaMii2As2 suggest that Tn is signif- 
icantly above 300 K. The x{T) for the polycrystalline 
sample with x = 0.05 monotonically increases with de- 
creasing T below 300 K and exhibits a kink at 50 K of 
unknown origin. The magnitude of x(T) of this x = 0.05 
sample is significantly larger than that of the powder- 
averaged single crystal x(T) data for either x = or 
0.016. This discrepancy again indicates that the emer- 
gence of metallic behavior upon K-doping leads to ad- 
ditional contributions and/or changes to the magnetism. 
The M(H) isotherms for this x = 0.05 sample showed no 
evidence for any ferromagnetic impurities at any temper- 
ature between 1.8 and 300 K. 

From Rietveld refinement of our ND data for the poly- 
crystalline sample with x = 0.05, the chemical unit cell 
is well-described at 14 K by the bet ThCr2Si2 struc- 
ture (space group IA/mmm) with lattice parameters 
a = b = 4.1566(6) A, c = 13.4043(2) A, and As posi- 
tion parameter za s — 0.3642(5). As was found for the 
BaMn 2 As2 (x — 0) parent compound [6], the K-doped 
system remains in the bet phase at all measured temper- 
atures. The ND data for x = 0.05 at 14 K indicate a 
slight contraction of the c axis lattice parameter with re- 
spect to the parent system at 10 K [a — b — 4.1539(2) A, 
c = 13.4149(8) A] and a corresponding 0.8% increase in 
the As position parameter [za s = 0.3613(2)] [6]. The 
modeling of the magnetic scattering revealed a G-type 
AF spin structure below T N = 607(2) K (Fig. 5). The 
ordered moment at T = 14 K is ^ = 4.21(6) ^s/Mn 
aligned along the c axis. The G-type AF order found for 
x = 0.05 is identical to that previously determined for the 
parent BaMn2As2 compound, which gave Tn = 625(1) K 
and fj, = 3.88(4) /i B /Mn at T = 10 K [6]. Our refined 
value of fj, for x = 0.05 is slightly larger than that of the 
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parent compound, which may suggest a reduction in the 
spin-dependent hybridization between the Mn 3d states 
and the As 4p states [5]. 

In conclusion, we succeeded in doping the antifcrro- 
magnctic insulator BaMn 2 As 2 into a hole-doped metal- 
lic state by partial substitution of Ba by K to form the 
new system Bai_ a; K a ;Mn2As2. Both single-crystalline 
(x = 0.016) and polycrystalline (x — 0.05) samples 
were synthesized and studied. The p(T), C P (T) and 
ARPES data and our electronic structure calculations 
consistently indicate metallic character for these com- 
positions. Our ND and x measurements demonstrate 
that the local moment magnetism of undoped BaMn2 As 2 
is preserved in the metallic doped samples. Thus the 
Bai_ x K x Mn2As2 system is a bridge between the layered 
high-T c cuprates and iron arsenides. Our results on the 
metallic MnAs-based materials suggest many opportuni- 
ties for theoretical and experimental investigations ex- 
amining the relationships between the layered transition 
metal arsenide and cuprate classes of materials and of- 
fer the potential for new superconductors. The roles of 
the local Mn magnetic moments and their AF interac- 
tions in determining T c would be particularly interesting 
to study. 
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Note added in proof. — Additional papers related to our 
work have recently appeared [17-20]. 



* apandey@amelab.gov 
^ johnston@ameslab.gov 
[1] For a review, see D. C. Johnston, in Handbook of Mag- 
netic Materials, edited by K. H. J. Buschow (Elsevier, 
Amsterdam, 1997), Vol. 10, pp. 1-237, Ch. 1. 
[2] For a review, see D. C. Johnston, Adv. Phys. 59, 803- 
1061 (2010). 

[3] E. Brechtel, G. Cordier, and H. Schaefer, Z. Naturforsch. 

33b, 820 (1978). 
[4] Y. Singh, A. Ellern, and D. C. Johnston, Phys. Rev. B 



79, 094519 (2009). 
[5] J. An, A. S. Sefat, D. J. Singh, and M.-H. Du, Phys. Rev. 

B 79, 075120 (2009). 
[6] Y. Singh, M. A. Green, Q. Huang, A. Kreyssig, R. J. 

McQueeney, D. C. Johnston, and A. I. Goldman, Phys. 

Rev. B 80, 100403(R) (2009). 
[7] D. C. Johnston, R. J. McQueeney, B. Lake, A. Ho- 

necker, M. E. Zhitomirsky, R. Nath, Y. Furukawa, V. 

P. Antropov, and Y. Singh, Phys. Rev. B 84, 094445 

(2011). 

[8] A. Pandey, V. K. Anand, and D. C. Johnston, Phys. Rev. 

B 84, 014405 (2011). 
[9] J. Rodrfgucz-Carvajal, PhysicaB 192, 55 (1993); see also 

<www. ill . eu/sites/f ullprof /> . 
[10] P. Blaha, K. Schwarz, G. K. H. Madsen, D. Kvasnick and 

J. Luitz, WIEN2k, An augmented Plane wave + Local 

Orbitals Program for Calculation Crystal Properties (K. 

Schwarz, TU Wien, Austria, 2001) ISBN 3-9501031-1-2. 
[11] J. P. Perdew and Y. Wang, Phys. Rev. B 45, 13244 

(1992). 

[12] W. G. Baber, Proc. Roy. Soc. London A 158, 383 (1937). 
[13] C. Kittel, Introduction to Solid State Physics, 8th edition 

(Wiley, New York, 2005). 
[14] K. Kadowaki and S. B. Woods, Solid State Commun. 58, 

507 (1986). 

[15] A. C. Jacko, J. O. Fjaerestad, and B. J. Powell, Nature 

Phys. 5, 422 (2009). 
[16] C. Liu, G. D. Samolyuk, Y. Lee, N. Ni, T. Kondo, A. 

F. Santander-Syro, S. L. Bud'ko, J. L. McChesney, E. 

Rotenberg, T. Valla, A. V. Fedorov, P. C. Canheld, B. N. 

Harmon, and A. Kaminski, Phys. Rev. Lett. 101, 177005 

(2008). 

[17] A. T. Satya, A. Mani, A. Arulraj, N. V. Chandra Shekar, 
K. Vinod, C. S. Sundar, and A. Bharathi, Phys. Rev. B 
84, 180515(R) (2011); 85, 019901(E) (2012). 

[18] J. W. Simonson, Z. P. Yin, M. Pezzoli, J. Guo, J. Liu, 
K. Post, A. Efimenko, N. Hollmann, Z. Hu, H.-J. Lin, C. 
T. Chen, C. Marques, V. Leyva, G. Smith, J. W. Lynn, 
L. Sun, G. Kotliar, D. N. Basov, L. H. Tjeng, and M. C. 
Aronson, arXiv: 1110 . 5938. 

[19] Y. Sun, J. Bao, C. Feng, Z. Xu, and G. Cao, arXiv: 
1111.2232. 

[20] J.-K. Bao, H. Jiang, Y.-L. Sun, W.-H. Jiao, C.-Y. Shen, 
H.-J. Guo, Z.-A. Xu, G.-H. Cao, R. Sasaki, T. Tanaka, 
K. Matsubayashi, and Y. Uwatoko, arXiv: 1201 . 1399. 



